Keywords: Household electrification Indoor air pollution Fine particulate matter Health a b s t r a c t This paper provides the first experimental evidence that household electrification leads to substantial reductions in indoor air pollution. Two years after electricity rollout, we measured overnight fine particulate matter (PM 2.5 ) concentration, which was on average 66% lower among households that were randomly encouraged to connect to the electrical grid compared to those that were not. As a result, prevalence of acute respiratory infections among children under six was 8-14 percentage points lower in the former group. We find suggestive evidence that these changes are at least partly driven by reductions in kerosene use.
the smoke from kerosene may be more toxic than other sources of residential smoke, including biomass (see e.g. Lam et al., 2012b; Pokhrel et al., 2010; Bates et al., 2013; Epstein et al., 2013) . Therefore, changes in PM 2.5 concentration arising from changes in kerosene use have the potential to affect health, although there is still little research from the medical and public health field.
Given the stylized fact that lighting is one of the first uses for electricity in newly electrified areas (see e.g. Bernard, 2012; Barnes, 2007; Independent Evaluation Group, 2008) , electrification is expected to decrease IAP by replacing traditional sources of lighting, like kerosene, candles, and wood sticks. The potential health effects stemming from this reduction are often put forth among the main benefits of electrification (van de Walle et al., 2013) ; however, there is no solid empirical evidence to date to support this claim. Our paper contributes to filling this gap by providing the first experimental estimates of the relationship between household electrification and indoor air pollution. To investigate this key question, we collected a uniquely rich dataset on minute-by-minute fine particulate matter (PM 2.5 ) concentration within the frame of a clean experimental design.
Our research question is situated within the broader area of the effects of electrification, an active area of research in which the debate is far from settled (for an excellent review, see Wolfram et al., 2012) . The substantial public investments in rural electrification 3 have usually been justified based on the assumed benefits to health, education, and income;
however, most of the empirical evidence on which these claims are based is weak (Bernard, 2012; Independent Evaluation Group, 2008) , and the more recent literature shows mixed results. Some recent evidence suggests that electricity may save time spent on household chores, thus increasing female labor supply (Dinkelman, 2011; Grogan and Sadanand, 2012) , or that electricity leads to improvements in educational outcomes, consumption, and income (e.g. Khandker et al., 2013; van de Walle et al., 2013) . Other recent studies find no such relationships (e.g. Bernard and Torero, 2015; Bensch et al., 2011; Burlig and Preonas, 2016) . 4 Furthermore, Lee et al. (2016b) suggest that residential electrification in Kenya may even reduce social welfare. Our estimates provide the first experimental evidence that household electrification leads to substantial improvements in indoor air quality. We conducted a randomized encouragement design, which consisted in offering electrical connection subsidies to a randomly selected subset of study households, with the aim of generating exogenous variation in connection rates across group. Households were surveyed annually for a period of five years, from November 2009 to November 2013. By round three of our study, two years after electricity rollout, the encouraged group's connection rate was 19 percentage points higher than that of non-encouraged households. As a result, PM 2.5 concentration during the evening and early morning 5 in households' main evening-living area was 66% lower than non-encouraged households. The reduction arising from our model is consistent with changes in raw means. Average PM 2.5 concentration in encouraged households was 0.18 mg/m 3 , while in non-encouraged households the figure was 0.45 mg/m 3 . Both figures are above the World Health Organization's (WHO) air quality guidelines (0.025 mg/m 3 for 24-hour mean and 0.010 mg/m 3 annual mean), which reflect the concentrations at which PM 2.5 is expected to increase mortality rates (WHO, 2006) . In fact, there is little evidence to suggest a threshold below which no adverse health effects could be expected. However, the decrease in overnight PM 2.5 concentration resulted in a sizable reduction in acute respiratory infections (ARI) among children under six. 6 By round 4, the effect of voucher allocation on electrification is half of the previous round and loses statistical significance, indicating that non-encouraged households had largely caught up with encouraged households. The differences in overnight PM 2.5 concentration and ARI prevalence are not statistically significant either. Both variables show lower levels toward the end of our study, which is suggestive that electrification had similar effects in the non-encouraged group as it had in the encouraged group. Despite the significance patterns align with our main argument, it is worth noting that the point estimates do not: the coefficient on PM 2.5 concentration is essentially zero while the coefficient on ARI is positive. This apparent contradictions could be due to insufficient sample size or the need for more persistent effects of voucher allocation on connection.
The remainder of this document is organized as follows. Section 2 presents the study setting and discusses the data. Section 3 presents the econometric approach. We report the main results in Section 4. Section 5 discusses effect size and threats to validity, and Section 6 concludes.
The study setting

The electrification program and experimental design
The study took place during a grid extension and intensification program in northern El Salvador that started in late 2009. The program was designed to be rolled out in three phases according to construction costs and accessibility. The El Salvadorian government covered the installation costs up to the electric meter; households had to pay for their internal wiring, as well as a fee for a safety certification. The fee for the safety certification is around US$ 100, roughly 13% of annual per capita income in our sample.
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The sample used in this study is part of a larger study, in which 4800 households from Northern El Salvador were surveyed, using the 2007 national census as a sampling framework. The household survey implemented for the larger study includes data on demographic characteristics, health, education, housing, energy use, income, and consumption, among other variables. Strict training sessions were conducted to ensure high quality in data collection, which was conducted with handheld computers. Enumerators were trained and selected by the authors with the assistance of DI-GESTYC (the Salvadorian Bureau of Statistics) and IFPRI staff. The indoor air pollution data described below were collected by a subset of enumerators, who underwent additional special training to this end. The baseline household survey was fielded in November and December 2009. Follow-up surveys were fielded in the same months in 2010, 2011, 2012, and 2013 (rounds 2, 3, 4 and 5, respectively) .
The experimental sample consists of 500 households randomly selected from the set of off-grid households from San Miguel and Chalatenango, two departments that were part of the larger study described in the preceding paragraph. San Miguel is divided into 179 subdistricts (cantones in Spanish), and Chalatenango is divided into 221. According to the 2007 Census, average population per subdistrict is 2410 people in San Miguel, and 868 in Chalatenango. These departments were selected for the experimental study because they had the highest number of program beneficiaries and were also scheduled to benefit earliest from the program. We generated experimental variation in the connection fee by offering discount vouchers to a randomly selected sub-sample. We randomly allocated 200 low-discount vouchers (20% discount) and 200 high-discount vouchers (50% discount), and left the remaining households as the control group (N ¼ 100). In Barron and Torero (2013) , we find that voucher value had very little effect on take-up; so for the sake of parsimony, in what follows, we pool both groups into one. Vouchers were valid for a discount toward the safety certification fee, to be reimbursed after households paid the full cost. Each voucher displayed the name and address of the beneficiary; vouchers were nontransferable and were valid for 9 months.
8 Selected households received the discount vouchers a few weeks after the baseline survey, in a separate visit by personnel from a local NGO not linked to the survey or our enumerators. To prevent the control group from delaying their adoption decisions because they expected to receive a discount voucher in the future, the field staff was explicit in explaining to voucher recipients that all existing vouchers had already been assigned to households. Voucher recipients followed the same procedure as the general public when applying for a grid connection, taking their receipt to the NGO for reimbursements. Hence, neither inspectors nor the electric company had reasons to prioritize voucher recipients. Voucher allocation could generate positive or negative spillovers. Positive spillovers could arise if, for instance, households become more prone to connect to the grid by observing their (voucher recipient) neighbors connect, through a combination of social learning and imitation effects like those documented in Ethiopia by Bernard and Torero (2015) . 9 On the other hand, negative spillovers could arise if vouchers increased formal connection rates in a neighborhood, facilitating access to informal connections. In our study sites, informal connections consist of a series of extension cables connected to each other and plugged into a neighbor's electrical sockets. At baseline, the median informally connected household had three light bulbs and a total of five household environments (living room, bedrooms, kitchen, and bathroom). Hence, their illumination needs were likely met only partially with electric lighting. For our purposes, households with informal connections were treated as off-grid. To test whether electrification affected health, we analyze the prevalence of acute respiratory infections (ARI) among children under six. This variable was measured as the 2-week recall by the primary caregiver, and was measured at rounds 2 through 5. Table 1 reports the main summary statistics at baseline. Column (1) reports the means and standard deviations for the full electrification sample, while columns (2) and (3) report the respective figures for the voucher allocation and indoor air quality subsamples. In what follows, the analysis is conducted with households from the last two columns. In Appendix 7 Regrettably, the survey does not include information on the cost of internal wiring. 8 In a handful of cases there was a slight delay in the implementation of the program, so the expiration date was extended for the households located in those subdistricts.
Data and summary statistics
9 Social learning would occur if households observed the private benefits of electrification, like better illumination, less smoke at night, better food availability, or more enjoyable leisure time, from their neighbors. Imitation effects, also known as "preferences interactions", are similar to a "keeping-up with the Joneses" story: a household wants electricity because its neighbors have it. Table A1 , we show that average characteristics are balanced across encouragement groups and within subdistrics. Household heads are on average 50 years old; 69% of them are male and have 2.4 years of schooling on average (almost half of them are illiterate). The average age in the households is 30.8, and households are composed by 4.5 members, with a total dependency ratio of roughly 0.45. Annual per capita income is around US$770, roughly US$2.11 per person per day. The main sources of energy expenditure are kerosene (US$2.11 per month), mainly used for lighting, and propane (US $2.09 per month), mainly used for cooking, followed by candles (US$0.46/month) and car battery recharging (US$0.08/ month), in some cases used to power TV sets. Thirty-eight percent of households had informal access to electricity at baseline. This was possible since some households in our study sites had formal access to electricity. Eleven percent of households in our study sites had formal connections. This is likely a lower bound to the true electrification rate, since we interviewed households that were reported as off-grid in the 2007 census.
Next, we review some perceptions toward energy. The vast majority of households (96%) considered electricity a better source of light than kerosene, but one-third of them said kerosene was an inexpensive alternative and 22% said it was the best way to illuminate their dwelling. Use of wood for cooking was reported by 70% of households, despite most of them (87%) agreeing that wood smoke generates respiratory problems.
The share of households that were successfully interviewed in follow up surveys was 87% in round 2, 88% in round 3, 93% in round 4 and 90% in round 5. There were no statistically significant differences in attrition across treatment groups.
Fine particulate matter
This study's main outcome of interest is PM 2.5 concentration, which is particulate matter (PM) with a diameter of 2.5 microns or less (1 micron¼0.001 millimeters). Particulate matter, also known as particle pollution, is a complex mixture of small particles and liquid droplets composed of potentially hundreds of chemicals. Given the complexity of their composition, particles are mainly classified according to their size. Particles of a diameter between 10 and 2.5 microns are also known as "coarse particulate matter" or "inhalable coarse particulate matter" (PM 10 ), while particulates of a diameter under 2.5 microns are known as "fine particulate matter" (PM 2.5 ). The WHO's air quality guidelines limit average PM 2.5 exposure to 0.025 mg m / 3 over a 24-hour period and 0.010 mg/m 3 over a year (WHO, 2006) . There is little evidence to suggest a threshold below which no adverse health effects could be expected, 10 but PM 2.5 concentrations beyond the guidelines levels are expected to increase mortality rates (Ibid.). Particle size is inversely linked to its potential for causing health problems. Both PM 10 and PM 2.5 can pass through the throat and nose and enter the lungs; however, being smaller, PM 2.5 can get deeper into the lungs and can also enter the bloodstream, thus causing more damage than PM 10 . Both PM 10 and PM 2.5 have been shown to cause or aggravate heart and lung diseases. Further, there is evidence that they weaken the immune system, making the body more vulnerable to disease in general (Pokhrel et al., 2010) . Other than by size, particles that compose particulate matter are usually classified as primary or secondary. Primary particles are emitted directly by a source, like kerosene lamps, cookstoves, unpaved roads, or construction sites. The outcome of interest in this paper falls in this category. Secondary particles, on the other hand, are formed in the atmosphere as the result of sulfur dioxides and nitrogen oxides emitted from power plants, industries, and automobiles. Secondary particles account for most of the particulate matter in developed countries, while the converse is arguably true in developing regions.
PM 2.5 measurement
A central part of the project consisted of collecting data on overnight PM 2.5 concentration. We randomly selected 200 study households for PM 2.5 measurement, out of the 500 households that were considered for voucher allocation. Our reasons for not selecting the whole sample were both logistical and budgetary. Measurements for these households were collected during rounds 3, 4, and 5 of the household survey. In each household, we measured minute-by-minute PM 2.5 concentration from 1700 hours to 0700 hours the next morning in the main evening-living area, defined as the room in which household members spent most of their time awake during the evening hours. In the majority of cases, this was the living room, although in a handful of cases it was the main bedroom. Measurements were conducted with the University of California at Berkeley Particle and Temperature Sensor (UCB-PATS), a small, portable, non-intrusive data-logging particle monitor for indoor environments. It uses a photoelectric detector to measure PM 2.5 concentrations down to 0.025 mg/m 3 .
The UCB-PATS records PM 2.5 concentration, relative humidity, and temperature at a one-minute time resolution. For details on the development and performance of the UCB-PATS, see Litton et al. (2004) ; Edwards et al. (2006) , and Chowdhury et al. (2007) . Since the UCB-PATS was specifically designed to measure PM 2.5 emissions from biomass, using these monitors to measure PM 2.5 emissions from kerosene may introduce some degree of measurement error. In Section 3, we specify how our econometric strategy deals with potential measurement error. Experienced and meticulously trained enumerators visited the selected households, explained the purpose of the study, and obtained consent to place the UCB-PATS in the home. The protocol we used to measure PM 2.5 concentration is similar to the protocol applied by Northcross et al. (2010) for cookstoves. This is a standard protocol in the cookstove literature, but 10 In fact, the low end of the range of concentrations at which adverse health effects have been demonstrated is not greatly above the background concentration, which for PM 2.5 has been estimated to be there is no standard protocol in place for measuring indoor air pollution emitted by kerosene lanterns. The monitor was placed on a wall 1 m (horizontally) from the place where the lamp is usually located in the evenings, at least 1.50 m away from any working doors or windows, and at a height of 1.50 m above the ground. In the baseline measurement, enumerators took pictures of the placement to ensure the monitor could be placed in the same location in the follow-up visits. This reduces the risk of generating artificial variation in PM 2.5 concentrations by placing the monitor in different locations. In Section 5.2, we discuss how we address potential threats to internal validity of PM 2.5 measurements.
In follow-up measurements, the enumerators used pictures from previous rounds to place the monitors in the same location as the baseline measurement. A data sheet was filled out with exact details on monitor height, distance, set-up time, and pick-up time, among other information. The monitors were placed in the homes before 1600 hrs. If the monitor was placed in a home between Monday and Thursday, it was picked up the next morning starting around 0800 hrs. If it was placed in a home on a Friday, it was picked up the following Monday starting around 0800 hrs. Following the standard practice in the environmental health literature, the resulting PM 2.5 concentration for those households was averaged across the three days.
In round 3 (the first PM 2.5 measurement), we collected data for 75% of the selected households. In rounds 4 and 5, the figure improved to 83 and 90%, respectively. There were no statistically significant differences in these shares across encouragement groups. The improvements are mostly due to the field staff improving their monitor management skills. Monitors had to be initialized (turned on) with a laptop in the field shortly before placement, and monitor data had to be downloaded after each measurement. When either of these steps was not performed correctly, the data for that household was lost. In Appendix Table A4 , columns 3 and 7, we restrict the IAP regression sample to households with valid data for round 3, and the results are unchanged.
Empirical approach
We estimate Intent-To-Treat (ITT) effects. Given imperfect compliance with voucher assignment, these estimates represent lower bounds of the effects of electrification in our study setting. To analyze the effects of voucher allocation on grid connection and energy use, we estimate: To analyze health effects, we use a similar specification to (1), with i denoting each child, and include sex and age as additional controls.
The PM 2.5 regressions are of the form: y igst is the natural logarithm of PM 2.5 concentration from 1700-0700 hours in the main evening-living area of the dwelling, for household i, during minute g, in subdistrict s, at survey round t. Voucher i , Round t , X i0 , and s st are the same as in the preceding paragraph. In this specification, we also include hour-by-year (h ht ) and monitor-by-year (m mt ) fixed effects. Controlling for hour fixed effects accounts for intra-day seasonality in PM 2.5 concentration. To allow this seasonality to change at each survey round, we include hour-by-year fixed effects. Using natural logarithms of PM 2.5 concentration instead of its level reduces the scale of any potential measurement error, while monitor-by-year fixed effects account for each monitor's potential idiosyncratic measurement error, allowing it to change at each survey round. Following Bernard and Torero (2015) , in Appendix Tables A2 and A3 (columns 3 and 7) , we also control for the share of eligible neighbors receiving vouchers to control for potential spillovers, S 100 . Results remain unaltered with the inclusion of this variable.
Results
Grid connections
The first two columns in Table 2 show that discount vouchers increased the probability of adoption of a formal electrical connection by 18 and 19 percentage points in rounds 2 and 3, respectively.
12 As the connection rate among the nonencouraged group increased, the difference between encouraged and non-encouraged households diluted, losing statistical significance. In the last two survey rounds, the difference in connection across groups was 11 and 7 percentage points, respectively. Vouchers are individually significant in rounds 2 and 3 (at the 90% and 95% of confidence, respectively), and not in rounds 4 or 5. Furthermore, vouchers are jointly significant at the 90% of confidence in rounds 2 and 3 (p-value ¼ 0.08), and are not jointly significant in the later rounds. 13 Thus, vouchers induced variation in the timing of adoption, not in the final adoption rates. Table A , 2 in the appendix shows that coefficient size, individual significance, and joint significance remain essentially unaltered in a number of alternative specifications.
Overnight indoor air pollution concentration
Columns (3) and (4) in Table 2 report the main results of the paper. The dependent variable in this regression is PM 2.5 concentration (in natural logarithms) between 5 p.m. and 7 a.m. in the main evening-living area.
14 The level of observation is the household-minute. By round 3, voucher recipients report drastic improvements in indoor air quality compared to the non-encouraged group, with ( − ≈ − e 1
1.083
)66% lower PM 2.5 concentration. Consistent with the electrification results, in rounds 4 and 5, the coefficients are close to zero and are not statistically significant. These results are unaltered under different specifications, in particular when the data are collapsed at the household level (Appendix Table A3 ). However, the standard errors are large, and the 95% confidence intervals range from À 33% to þ 49% in round 4 and from À 45% to 82% in round 5, highlighting the need for a larger sample size or more persistent effects of voucher allocation on connections.
To deepen our understanding of the nature of the effects, Fig. 1 shows PM 2.5 concentration by hour of the day for encouraged and non-encouraged households at round 3. The differences across these groups are largest from 5 p.m. to 10 p.m., the period of the day when artificial lighting is most needed. The differences decrease thereafter, as most household members go to sleep around this time, and jump up again from 6am the next morning, when they wake up.
Next, we use Changes-In-Changes (CIC; Athey and Imbens, 2006) to explore the distribution of the treatment effects. The CIC estimator for the average treatment on the treated is À0.70. Given random group assignment, this is also the average treatment effect. The CIC estimator is consistent with the effects found among voucher recipients by round 3 ( À 0.66), strengthening the internal validity of our findings to the extent that eliminating the differences in electrification rates led to eliminating the differences in overnight PM 2.5 concentration. Fig. 2 illustrates the CIC results, plotting the variation in magnitude of treatment effects against the distribution of overnight PM 2.5 concentration. The percentage reductions in the outcome variable are of considerable size throughout the distribution. The reduction is significant starting roughly from the 20 th percentile, and the reduction becomes larger starting at the 60 th percentile. Hence, higher polluters experience larger reductions once they connect to the grid, but the effects are significant for 80% of households in the sample.
Health effects
Columns (5) and (6) in Table 2 show that by round 3 the prevalence of acute respiratory infections (ARI) was 8-14 percentage points lower among children from encouraged households. Consistent with the previous findings, the effects are jointly significant for rounds 2 and 3 at the 95% of confidence and jointly not significant for rounds 4 and 5. Given that ARI prevalence in the study sites fell across the board from 33.2% at round 2 to 17.6% by round 5, we argue that the dilution of the effects owes to the fact that as non-encouraged households connected to the grid, they experienced effects similar to those seen in the encouraged group. Table 3 analyzes energy use patterns to shed light on potential changes in behavior that may have driven the effects documented above. We base our conclusions on binary use indicators because truncation-at-zero of use variables raises the issue of how to model the truncation. Appendix Table A5 shows that using available measures of intensity of use generates similar conclusions. Column (1) shows that the fraction of households using wood for cooking did not differ significantly 12 The row corresponding to "Mean Control Group" denotes the average value of the dependent variable for non-encouraged households over the course of the study, not at baseline as is more commonly done in the literature. This is because at baseline, electrification rate in all households was null, and there is no data on PM 2.5 concentration or ARI prevalence. For consistency, we proceed similarly in all subsequent tables.
Energy use
13 Current implementations of Cameron et al. (2008) 's wild bootstrap-t method do not allow for joint hypotheses testing, so joint hypotheses are tested only under standard inference. 14 We removed 17 households that reported average overnight PM 2.5 concentrations above 4 mg/day. When they are included in the sample, the estimated reductions are larger, but still within the confidence intervals in across groups. The coefficients are too large to conclude a null change; however, no large changes are likely given that the overall percentage of households using wood for cooking remained steady at around 75% throughout the study period (74% at baseline, 77% in round 2, 76% in round 3, 75% in round 4, and 75% in round 5). Similarly, column (2) shows that the share of households cooking with electricity did not vary across encouragement groups. In this case, the coefficients are fairly close to zero, so large changes can be ruled-out. There are no (individual or joint) statistically significant differences across groups in the use of propane either (column 3), but share of households using it doubled from 32% at baseline to 63% by year (1) and (2), indicator of formal connection; columns (3) and (4), minute-by-minute log PM 2.5 concentration from 5 p. m. to 7 a.m. in the main evening-living area; columns (5) and (6), acute respiratory infections among children under 6 (2-week recall by the primary caregiver). Regressions in columns (3) and (4) 5, and monthly expenditures on propane rose from $1.9 to $6.1, suggesting some degree of fuel stacking (Masera et al., 2000) . Column (4) shows that voucher allocation did not affect the probability of cooking outside the home.
Columns (5) and (6) report the effects on the use of lighting sources across groups. The share of households using kerosene for lighting decreased by 26 percentage points in round 2, although the point estimate is significant only under standard inference, while the share of households using electricity for lighting increased by 33 percentage points in the same round (significant at the 99% of confidence with standard inference or with Cameron et al. (2008) 's wild bootstrap-t method). 15 The changes in round 3 have similar signs, but are not statistically significant. 16 Overall, the share of households using kerosene decreased from 40% at baseline to 23% at round 2 and 15% at round 3 and then stabilized at 7-8% at rounds 4 and 5. Average monthly expenditures on kerosene followed a similar trend, falling from $2.50 at baseline to $1.20 in round 2, $0.73 in round 3, and stabilizing around $0.30-0.40 at rounds 4 and 5. Although this evidence is far from conclusive, taken as a whole it is suggestive that changes in kerosene consumption may account for a non-trivial part of the effects found in Table 3 . Reductions in kerosene use have important health implications because, although kerosene is commonly considered a cleaner alternative to biomass, emissions from kerosene-burning devices are harmful to human health. Aside from PM 2.5 , kerosene emissions include carbon monoxide (CO), nitric oxides (NOX), and sulfur dioxide (SO2) (Schare and Kirk, 1995; Fan and Zhang, 2001; Röllin et al., 2004) . These pollutants can impair lung function and increase infectious illness, asthma, and cancer risks (Lam et al., 2012a) .
Discussion
Effect size
In this section, we discuss the magnitudes of the coefficients in Table 2 . Voucher allocation reduced overnight PM 2.5 concentration by 66% and increased connections by 19 percentage points. Thus, the implied IV coefficient suggests that electrification led to a reduction of 95% in PM 2.5 concentration between 5 p.m. and 7 a.m. in the main evening-living area of the home, in most cases the living room. We argue that in this room, and during this time of the day, artificial lighting may very well account for the largest share of PM 2.5 emissions. Besides lighting, the other two main sources of indoor air pollution worldwide are cooking and heating (Lam et al., 2012b) . Households in our study sites do not use artificial heating; moreover, our survey data shows that the average household in the sample finishes cooking by 6:02pm, and that cooking takes place in the kitchen, which is separate from the living room. Some emissions from cooking may filter through during the day and linger in the living room, but there is no reason to believe that PM 2.5 concentration in the living room would depend more on filtrations from biomass burning during the day than from direct use of kerosene lamps in that room during the evenings. In any case, since cooking practices did not statistically change between encouraged and non- Table A6 shows that during rounds 2 and 3 vouchers did not affect other lighting choices like the number or type of light bulbs (incandescent, fluorescent, or LED). There seems to be a substitution of incandescent light bulbs for LED lights toward the end of our study. 16 The declining effect on kerosene may indicate a story of selection, in which households with the most to gain from electrification (those with the highest kerosene use) took up the vouchers early on. encouraged households, these filtrations are likely balanced across groups and are thus unlikely to affect the results. Next, we show that the reductions implied by the model are consistent with the raw percentage changes in PM 2.5 concentration among households in our sample. We have successful PM 2.5 measurements for 85 households in rounds 3 and 4. Half of these households show raw, unadjusted reductions of 50% or higher, which suggests that the reductions estimated by our models are indeed feasible. The average unadjusted reduction was 23%; for those households that experienced a reduction, it was of 63%. 17 We report the full histogram of these changes in Appendix Figure A1 .
Threats to internal validity
There are some threats particular to our study, mainly related to measurement error in PM 2.5 concentration. In the econometric approach, we describe our strategy to account for measurement error from the PM 2.5 monitors, but there are some other potential threats to the internal validity of our results.
18 First, if households were differentially aware of the importance of PM 2.5 in encouraged and non-encouraged groups, behavioral changes may explain the reduction of the differences across groups. However, our evidence suggests that perceptions of the importance of PM 2.5 were balanced at baseline. For instance, 88% of encouraged households reported agreeing or strongly agreeing that woodsmoke is detrimental to human health, almost the same as the non-encouraged group (85%, p-value of the difference ¼0.51). As reported earlier, other types of perceptions toward energy are also balanced across groups. In addition, vouchers made no mention of electrification benefits, only offering reimbursement for a portion of the safety inspection fee, as described in Section 2.1. Second, it is possible that households were initially sensitized to the monitor's location but this concern faded away over time; and hence the estimated differences in overnight PM 2.5 concentration at round 3 would not reflect actual differences in indoor air quality. However, since we also find statistically significant effects in connection rates and ARI prevalence, it seems unlikely that a bias of this type could be driving the results.
Third, since our measure of ARI prevalence is self-reported (reported by the survey respondent, usually the primary caretaker), there are potential concerns about experimenter demand effects. While we cannot formally rule them out, there are a number of reasons that together suggest experimenter effects are not driving the ARI results. First, if results were 17 Fourteen show reductions of up to 50%, and 30 households show increases in overnight PM 2.5 concentration. A few households show large percentage increases, but these large increases correspond to households with especially low levels of overnight PM 2.5 concentration at round 3. In levels, these increases are rather small. Conditional on showing an increase in PM 2.5 , the average increase in levels was 0.051 mg/m 3 (95% CI − 0.004 0.099 mg/m 3 ). 18 We thank the editor and an anonymous reviewer for pointing them out.
Please cite this article as: Barron, M., Torero, M., Household electrification and indoor air pollution. Journal of Environmental Economics and Management (2017), http://dx.doi.org/10.1016/j.jeem.2017.07.007i actually driven by survey-effect biases, one would expect ARI reductions among voucher recipients to be strong and significant from the first follow-up (in round 2), not only starting in round 3. Second, there is no robust empirical evidence to date on the link between electrification and ARIs, so there is no special reason why interviewees would think enumerators expected this kind of result. In addition, the survey included information on several outcomes besides health, like education, labor, time allocation, and agricultural practices, among others. Third, any link between vouchers and IAP measurement was further weakened because vouchers were handed by personnel from a local NGO, while the surveys were applied by DI-GESTYC enumerators.
Conclusions
This paper provides the first experimental evidence that electricity leads to substantial improvements in indoor air quality. To this end, we pair a clean experimental design with a novel dataset with minute-by-minute on fine particulate matter (PM 2.5 ) concentration for a sample of households in Northern El Salvador during a rural electrification program. In this program, households had to pay a $100 fee to connect to the grid (13% of the sample annual per capita income). By randomly allocating discount vouchers toward this fee, we generated exogenous variation in the cost of connection, and therefore exogenous variation in access to the grid, which we exploit to examine the causal relationship between household electrification and indoor air quality.
Our analysis leads to two main conclusions. First, household electrification leads to sizable improvements in indoor air quality. By round 3 of our study, vouchers increased electricity connections by 19 percentage points and reduced overnight PM 2.5 in the main evening-living area in the home by 66%. The estimated coefficients are consistent with the raw, unadjusted reductions observed in the study households. Non-parametric analysis shows that 80% of households documented improvements in indoor air quality, alleviating any concerns that the results could be driven exclusively by improvements among the highest polluters. Second, the documented improvements in indoor air quality had repercussions for health outcomes, mainly through a reduction in ARI prevalence among children under the age of 6. The evidence on the mechanisms behind these observed changes is not conclusive, but suggests that a reduction in kerosene use accounts for a nontrivial portion of the improvements in indoor air quality. There is still scarce evidence on the relation between indoor exposure to smoke from kerosene combustion and health, but our findings are consistent with existing studies, like Pokhrel et al. (2010) .
To understand how our results could relate to other settings, it is worth pointing out the most salient differences between our study households and other developing regions. Average household income in our sample is around $3500, similar to the study by Bernard and Torero (2015) in Ethiopia ($3270), but higher than other developing regions. For instance, Lee et al. (2016b) report that most households in their setting (Kenya) have incomes under $1000. Second, households in our study sites have better access to appliances than other settings (e.g. Lee et al., 2016a) , which is key if electrification is to improve air quality and health. Third, the average electricity bill by the end of our study is $9.02 per month, implying that households spend around 3% of their income in electricity. This share can be different in other settings and could potentially limit the effects of electrification elsewhere. Fourth, while lighting is one of the first uses for electricity in newly electrified areas, changes in cooking practices, refrigeration, or productive activities may take more time.
However, a corollary of this study is that other clean artificial lighting technologies, like solar lamps, could also have strong effects on indoor air pollution in households that are too isolated for grid electrification to be feasible, especially in settings where households do not require artificial heating.
